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4. The interfacia l tension of the benzene-water 
system decreases only slight ly with increasing 
pressure and shows slight though definite increases 
at low temperatures over the low pressure ranges . 
HEATS OF FORMA TION OF a-PHASE SILVER- CADMIUM: ALLOYS 
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Heats of formation at 308°K. were determined by liquid tin solution calorimetry for a series of alloys covering the a-
phase of the Ag-Cd alloy svstem. The results are in good agreement with previously reported values obtained from vapor 
pressure measurements and serve to fix th e heats of formation of the phase as a function of composition to within ±50 
cal.jg. atom. The data are well represented by a regular solution equation with an added short-range order term except 
near the a-phase boundary where there is a positive energy effect which may be due to the filling of high electronic energy 
levels of the first Brillouin zone. 
Introduction 
Attempts to elucidate the nature of atomic bond-
ing in alloys have emphasized the need for ac·curate 
thermodynamic data for alloy systems. This in 
turn has stimulated considerable interest in the 
study of alloy thermochemistry. Heat of forma-
tion studies have been undertaken by the autho rs 
because the data provide a direct measure of the 
difference between the total bonding energy in an 
alloy and that in the pure metals of which it is 
composed. From such data for representat ive 
alloy systems, it is hoped to dedu'ce the effect up on 
intermetallic behavior of such factors as differences 
in electronegativity, differences in atomic size, 
and the electron to atom ratio. The a-phase Ag-
Cd alloys off er the opportunity of determining a 
possible effect of the filling of the first Brillouin 
zone upon the bonding energy of the phase. 
Experimental 
Seven Ag-Cd alloys containing 10, 20, 30, 34, 36, 38 and 
40 atomic % Cd were prepared by melting the pure metals 
together in sealed evacuated quartz tubes and homogenizing 
about 50° below the respective solidus temperatures for two 
weeks. The compositions were verified by X-ray precision 
l~ttice constant measurements which agreed well with pub-
lished data. 1 The homogeneity of the alloys was indicated 
by the sharpness and good resolution of the back-reflect ion 
diffraction lines. 
The liquid tin calorimeter and experimental procedures 
used for the heat of formation det erminations have been de-
scribed in detail elsewhere, 2 hence only a brief description 
will be given here . The calorimeter consists basically of a 
stirred bath of approximately 250 grams of liquid tin con-
tained in a molybdenum crucible and surrounded by a 
heavy copper jacket. The jacket is heated by a resistance 
heating element, and externally caused drifts or fluctuations 
in the jacket temperature are kept ·1dthin less than 0.00 1 ° 
by means of a sensit ive resistance thermom eter temperature 
controller. The temperature difference between the jacket 
a~d cruc_ible is measured by means o_f a copper-constantan 
d1fferent1al thermocouple, and the Jacket temperature is 
measured separate ly by a calibrated platinum-platinum 
+ 10% rhodium couple. The calorimeter is contained in 
an evacuated chamber which also contains the specimen 
dispenser unit. 
When the calorimeter has reached a steady state, the 
specimen temperature is recorded and it is dropped into the 
tm bath. Readings of the differential and jacket tempera-
tures are then taken at frequent intervals. The total heat 
(I) W. Hume-Rothery, G. F. Lewin and P. W. Reynolds, Proc. Ro11. 
S oc. (London), A157, 167 (1936). 
(2) R. L. Orr, A. Goldberg and R. Hultgren, R .. . Sci. Instr., 28 , 
iG7 (1957). 
effect after the reaction is complete is evaluated from the 
change in the different ial temperature, the measured heat 
capacity of the calorimeter, and a correction for the heat 
transfer between the jacket and crucible. The heat ca-
pacity of the calorimeter is determined from the tempera-
ture drop accompanying the addition of a specimen of solid 
tin, using the known heat content data for tin. 3 The heat 
transfer correction for the reaction period is evaluated by 
established methods based on Newton's law of heat trans-
fer . 
The magnitude of the heat transf er correction and the 
measured heat effect are reduced by using the balanced heat 
effect method, described previously .2 Spherical specimens, 
about 5.5 mm. in diameter and containing about 0.005 
gram atom of solute metals, were prepared by enclosing 
cuttings of the samples in gold capsules along with excess 
gold, which dissolves exothermica lly, to balance the endo-
thermic effect of Ag, Cd and the alloys. In .order to reduce 
vaporization of cadmium from the tin -bath, the tempera-
ture of the liquid tin was held at the low value of 517°K., 
only about 10° above the melting point of tin. The tin-
bath was replaced before the total concentration of solute 
metals reached 2.5 atomic %, reducing possible concentra-
tion effects to less than could be detected by the measure-
ments. The specimen temperature was 305- 311 °K. 
Resu lts 
Results for the pure metals evaluated at the 
solution temperature are given in Table I. Since 
the measurements were made in dilute solution, the 
values listed approx imate the relative partia l molal 
heat contents of Au, Ag and Cd in infinitely dilute 
solution in liquid tin at 517°K. with respect 
to the solid meta ls at that temperature, i.e., 
(H - H0)m 0 K.,xsn=l. 
TABLE I 
HEATS OF SOLUTION OF PURE METALS AT 517°K. 
llHsoln J.\flaoln 
Run cal./g. Rnn cal./g. 
no. Metal atom no. Metal atom 
10-2 Au - 5,939 10-4 Ag 3,443 
10-3 Au - 5,918 10-6 Ag 3,510 
11-2 Au -5,952 15-3 Ag 3,590 
11-3 Au -5,927 16-2 Ag 3,562 
15-2 Au - 5,905 
Av. Ag 3,526 ± 50 
Av. Au -5,928 ± 14 11-5 Cd 3,240 
12-4 Cd 3,240 
16-3 Cd 3,235 
Av. Cd 3,238 ± 2 
The results show good agreement for Au and Cd, 
(3) K. K . Kelley, U. S. Bureau of Mines Bull. 4.76, 1949. 
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Fig. 1.-H eats of formation of a-ph ase Ag-Cd alloys. 
which dissolved rapidly in liquid tin at this tem-
p_erature, in about eight and two minutes, respec-
tively. The considerably higher scatter in the 
values for Ag probably resulted from the longer 
time required for its solution, about 25 minutes. 
The results for the alloys are given in Table II. 
TABLE II 
HEATS OF FomrATION OF Ag-Cd ALLOYS AT 308°K. 
Run 










8-G 0 . 10 310 .7 515 .9 5,290 518 
10-10 . 10 307.2 516.3 5,431 - 637 
10-11 .10 307.5 516.2 5,343 - 549 
7-10 .20 310 .3 515 .6 5,780 -1,029 
11-7 . 20 306.3 516 .5 5,893 -1,111 
11-8 .30 305.6 516 .5 6,217 -1,453 
15-6 .30 308.4 520.6 6,381 -1,607 
15-7 .34 308.4 520.6 6,335 -1,570 
15-8 .36 309.2 520.4 6,369 -1,614 
12-8 .38 307.4 516.4 6,432 -1 ,697 
11-9 .40 305 . 7 516.5 6,380 -1,638 
12-7 .40 308.2 516 .4 6,455 -1 , 729 
12-9 .40 307.5 516.4 6,429 -1,698 
• 'I'_, initi al specimen temper ature. b T 1 = final 
solution temp erature. ti.Haoln = tot al heat effect for solid 
alloy at Ti going to solution in liquid tin at T 1• 
The heats of formation of the alloys at 308°K., 
the average value of T;, are evaluated from the 
reactions 
Ages.TO = Ag (in Sn)o.Trl, ti.H, (1) 
Cd ca.Til = Cd (in Sn)o,T,i, ti.H2 (2) 
Ag,_,Cd,ce.T;J = (1 - x)Ag (in Sn)c1,Til + 
xCd (in Sn)o,T1l, ti.H3 (3) 
The measured reactions are combined to yield the 
heat of formation of the alloy at Ti 
(I - x)Ag c,,T;l + xCd c,.Tn = Ag,_,Cd .. c,.Ti> (4) 
ti.Hro,mation.T = (1 - x)ti.H, + xti.H2 - ti.H3 (5 ) 
It should be noted that the final solution tempera-
ture does not enter into the evaluation provided it 
is the same for reaction s 1, 2 and 3, and no assump-
tions regarding changes in heat content for the 
alloys betw een T; and Tt are made . 
The heat of formation values are shown plotted 
in Fig. 1 together with the data of Kleppa 4 and of 
Scatchard and Boyd. 5 Kleppa measured, by liquid 
tin calorimetry, th e heats of formation at 723 °K., 
referred to solid eilver and liquid cadmium. Hi s 
values have been recalculate d to refer to super -
heated solid cadmium at 723°K., using 1450 cal./g. 
atom for the heat of fusion of cadmium. 3 The 
plott ed values of Scatchard and Boyd were calcu-
lated by Anderson6 from the jj_Fcd and jj_Scd dat a 
obtained from their vapor pre ssure measurement s, 
and refer to solid silver and superheated solid 
cadmium at 800°K . 
Discussion 
. The present ly reported data and tho se of 
Scatchard and Boyd are in good agreem ent. The 
solid curve shown in Fig. 1 was drawn giving major 
weight to these two sets of data and is believed to 
represent the heats of formation to within ±50 
cal./ g. atom. · Th e scatter shown by the present 
values is somewhat greater than has been found in 
studie s on other alloy systems such as Ag-In, 
Ag-Au and Au- Cu. This is thou ght to be partly 
due to the long times required for the alloys to go 
into solution, usually of the order of 60 minut es or 
more, the slight amount of vapori zation of Cd from 
the solution during the long run s, and a possible 
small dependen ce of the heats of solution on solute 
concentration. The larger scatter shown by 
Kleppa' s data may have resulted from an increased 
amount of Cd vaporization at his higher solution 
temperature, 723°K. The good agreement found 
between th e pr esent value s obtained at 308°K. 
and those of Scatchard and Boyd and Kleppa 
obtained at mu ch higher t emperat ur es indicates 
that jj_Cp for the a-phase alloys is negligible in this 
temperature range. This has been confirmed by 
unpublish ed heat capacity measurement s in this 
Laboratory. 
The heat of formation curve from xcd = 0 to 
0.30 is fitted with a high degr ee of pr ecision by the 
equation 
ti.H = -5500X AgXCd - 8600(XAgXCd)' (6) 
Equation 6, obt ained from qua si-chemical theory, 
represents the heat of form ation of a regular binary 
solution with an added term to correct for short-
range order.7 Above Xcd = 0.30 the experim ental 
heats of formation become less exothermic than 
the values given by equation 6 which are repre-
sented by th e dashed curv e in Fig. 1. Rome of 
thi s deviation may be due to th e first-order approxi-
mations involved in the deriv at ion of equation 6. 
It is believed, however, th at the rath er sharp 
change in slope of the heat of format ion curv e at 
about 30 ato mic % Cd is due at least in part to a 
(4) 0. J. Kl eppa , THI S J OURNA L , 60 , 846 (1956) . 
(5) G. Scatch ard and R . H . Boyd, J. Am. Chem . Soc ., 78, 3889 
(1956) . . 
(6) P. D. And erson, M.S. Th esis, Uni ve rsity of California, 1957. 
(7) A . W . Law son, J . Chem. Phys., 15 , 83 1 (1947). 
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Brillouin zone effect which forces the additional 
valence electrons into higher energy levels after 
the first zone bound ary is touched, thus decreasing 
the exothermic heat of formation of the alloys. 
Theoretical calculations show that for face-centered 
cubic phases at 0°K. the Fermi surface touches the 
first Brillouin zone at an electron to atom rat io of 
1.36.8 For Ag-Cd this occurs at 36 atomic % 
Cd; however, the thermal energy of the electrons 
at the temperature of measurement may well 
account for the initiation of the effect at the lower 
concentration of Cd. 
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A twin, differenti al, high-t emperatur e calorimeter for th e measurement of th e enthalpy of formation of solid alloys is de-
scribed. The prin ciple and the various methods of operation are discussed . Experimental results f?r t~e en_thalpy of 
formation of solid Ag-Au, Au-Cu and Ag-Cu alloys are presented. The accuracy of a heat of formation rs estimated as 
::::::2% or ±20 cal./g. atom, whichever is larger. 
Perusal of a critical compilation, such as that by 
Kubaschewski and Caterall 2 quickly shows how 
scarce are reliable data on the energy of formation 
of solid metallic solutions. Such data are a neces-
sary prerequisite toward the goal of und erstanding 
interactions in alloy systems. Inde ed, enthalpy 
Yalues are of more interest than are free energy val-
ues, because theori es of solutions are usually more 
sensitive toward the enthalpy than toward the free 
energy. At the present time there exist more 
numbers for the enthalpy of formation of solid al-
loys obtained by equilibrium t echnique s (i.e., based 
on the temperature variation of a vapor pr essure, or 
a ratio of gaseous components, or an e.m.f. of a 
galvanic cell) than those obtained by direct calor-
imetry. However, it is often very difficult, when 
equilibrium techniques are used, both to obtain ac-
curate values for the enthalpy of formation and to 
establish the degree of accuracy. Not only are the 
experimental approaches difficult, but also the al-
gebraic manipulations introduce further error, since 
the difference of large numbers must be taken and 
graphical integration of the Gibbs-Duhem equa-
tion is necessary. 
Direct calorimetry offers the best possibility for 
the precise determination of heats of formation of 
alloys. Unfortunately, however, for solid alloys 
calorimetry also is not very straightforward , since 
the two pure solid components cannot be directly 
combined while the heat of reaction is measured, as 
is the case for liquid alloys from liquid compo-
nents. 3 In the case of solid alloys the intermedi acy 
of a solvent liquid is needed in order to reduce both 
the alloy and a mechanical mixture of th e pure 
:::olid components to the same physical and ener-
getic state. Therefore, one has the probl em of ob-
taining the difference between two numbers, one 
(1) This work was done under contract No . W-31-109-Eng. 52 for 
: !:.e U. S. Atomic Energy Commission. 
(2) 0. Kubaschew ski and J. A. Cate rall, "Thermoc hem ical Data 
c! Alloys," Pergamon Press Ltd., London and New York, 1956 . 
(3) ll. A. Oriani and W. K. Murphy, THIS JOURNAL, 62, 199 (1958). 
for the dissolution of the alloy in the solvent liquid 
and the other for the dissolution of the mechanical 
mixture, e~ch of which must be measured with 
great accuracy so that their difference may be sig-
nificant. 
The principle of the present calorimeter is that of 
using a liquid metal as solvent, and our design has 
profited from the earlier work of Ticknor and Bever 4 
and of Kleppa. 5 Our design is predicated on the 
desirability of electrical calibration and of a large 
temperature range of operation. The ability to 
hold the alloy and mixture at elevated temp era-
ture s before they are dropped into the dissolving 
medium is important since this feature enables one 
to measure the variation of the enthalpy of forma-
tion with temperature, a quantity of importance in 
the evaluation of the non-configuration al entropy of 
formation of the alloy. Lastly, the desire to avoid 
the subtraction of two large numbers led to a twin, 
differential design of the calorimeter. This ad-
vantage of a differenti al design is more illusory than 
real, since in effect, the apparatus carries out the 
differencing operation with the same errors as are 
involved in the arithmetic difference of two mun-
hers individually measured. Nevertheless, the 
differential design has certain advantages, as will be 
described below. To the authors' knowledge the 
only other differential calorimeter for measure-
ments of heats of formation of solid solutions is that 
developed by Nurmia 6 for ionic salts. 
Description of Apparatus.-The calorimeter consists of 
several units, each of which will be briefly described in 
turn. The se units are the two calorimetric cells, the tem-
perature signal system, the recording wattmeter, and the 
furnace and temperature controller. 
Each of the two calorimeter cells is composed of a large 
silica tube (see Fig . 1) which is coupled to a Pyr ex dome by 
means of an O-ring seal. The silica tub e supports a silica 
cup, fitted with thre e short legs, which contains the liquid 
tin used as the solvent. Into the liquid tin dip a silica th er-
(4) L . B . Ticknor and M. B. Bev er , J. Met als , 4, 941 (1952). 
(5) 0. J. Kleppa, THIS JOURNAL, 69, 354 (1955). 
(6) M. J. Nurmia, Dissertat ion, Univ. of Helsinki, 1956. 
